The flow around two neighboring, circular, vegetation patches of equal diameter (D) was investigated using computational fluid dynamics. Depending on the patches' transverse and longitudinal center-to-center spacing (T and L, respectively), several distinct flow patterns were observed. The patterns are compared to flow near an isolated patch. The key flow patterns were interpreted in terms of implications for deposition. Deposition maps were calculated for two different threshold velocities: 0.5U 0 and 0.7U 0 , where U 0 is the free stream velocity. When the two patches were far away from each other, the interaction of their wakes was weak, and the flow and deposition pattern around each patch resembled that of a single, isolated patch. When the patches were very close, wake interaction took place, resulting in additional deposition along the centerline between the two patches, but further downstream than the deposition in line with each patch. For some intermediate patch spacings, the wake of the upstream patch was dramatically shortened, relative to an isolated patch, and the wake of the downstream patch was lengthened. The results show that flow distribution is influenced by interaction between neighboring vegetation patches and suggest that this may create feedbacks that influence the evolution of vegetated landscapes.
Introduction
Vegetated landscapes provide a variety of ecosystem services, including providing habitat [1] , producing oxygen [2] , reducing turbidity [3] , and decreasing bank erosion [4] . These landscapes develop over time scales of decades to millennia through the action of vegetationflow-sediment feedbacks: the presence of vegetation modifies the spatial distribution of water flow, and thus sedimentation and erosion. Subsequently, changes to water flow, sedimentation, and erosion patterns affect the spatial pattern of vegetation establishment [5] [6] [7] . Understanding these vegetation-flow-sediment feedbacks is important to predict the outcomes of river management actions [8] [9] [10] .
Recent research has improved the understanding of vegetation-flow-sediment feedbacks created by isolated, finite vegetation patches. Velocity declines 1 to 2 patch diameters (D) upstream of the patch, as flow is diverted around the region of high drag caused by the presence of the vegetation [7, 11, 12] . The diversion of flow around the patch produces locally enhanced flow along the vegetation edge, which promotes erosion and may inhibit the lateral expansion of the patch, a negative feedback [8, 9, 13, 14] . Because the patches are porous, some flow penetrates through the patches into the wake, sometimes referred to as bleed flow. The bleed flow entering the wake delays the onset of the von Kármán vortex street until a distance L 1 behind the patch. Over the distance L 1 behind the patch, which we call the near wake region, the mean and turbulent velocity are depressed, relative to the free stream, and this encourages the deposition of fine sediment, creating conditions that favor new vegetation growth and thus patch expansion in the streamwise direction, a positive feedback [15, 16] . The formation of the von Kármán vortex street at the end of the L 1 wake region significantly elevates the turbulence level, which may inhibit deposition. Beyond this point the velocity begins to recover back to the free stream value U 0 .
Although several studies have contributed to the description of flow and deposition near an individual patch of vegetation, relatively few studies have investigated the interaction between two patches placed in close proximity to one another. The interaction between two developing wakes makes the flow field behind a pair of patches significantly more complex than that near a single patch. In the relatively simple case of two side-by-side circular patches separated by a gap, the flow is accelerated next to and in between the patches for all gap widths [7, 17] . This flow acceleration would tend to promote erosion and thereby inhibit the lateral growth of the patches. The wake in line with and immediately downstream of each individual patch is similar to that observed behind a single isolated patch, creating conditions that favor the deposition of fine material and, consequently, patch expansion in the streamwise direction in line with the individual patches [17] . Further downstream, the two wakes merge, producing a velocity minimum that promotes deposition on the centerline between the patches, but at some distance removed from the patches. Meire et al. [17] argue that this secondary deposition region may promote the growth of vegetation on the centerline between the patches, which in turn could diminish the flow between the patches, ultimately producing conditions favorable for the two patches to merge.
In this paper we build on the work of Meire et al. [17] by considering a wider range of two-patch configurations. In particular, the patch spacing was varied in both the transverse and longitudinal direction, denoted by T and L, respectively, as in Fig. 1 . This is an important refinement, because in very few cases will the oncoming flow be perfectly aligned with the patches, i.e. L = 0, as assumed by Meire et al. [17] . A numerical model was used to explore how the patch spacing impacts the shape of the wake behind each patch, and the modeled velocity field was used to infer possible deposition and growth patterns. Using the results for pairs of patches, we infer how initial patch spacing might influence landscape development. 
Modeling approach
This study considered emergent vegetation, for which flow diversion occurs predominantly in the horizontal plane. In particular, previous experimental studies using similar flow and patch configurations showed that three-dimensional effects associated with the bottom boundarylayer were of second order with regard to wake structure [18] . Subsequently, we have chosen a two-dimensional model, representing the streamwise and transverse coordinates, respectively (Fig. 1) . In this study the x-axis pointed in the direction of flow with x = 0 at the upstream edge of the patches, and the y-axis was in the transverse direction, with y = 0 at the center of the transverse gap between the patches. The longitudinal (L) and transverse (T ) spacing between the patches was measured between the patch centers. The velocity (u, v) corresponded to (x, y), respectively. The individual stems within a patch were represented by solid cylinders of diameter d, placed with stem density n [cylinders/cm 2 ]. This produced a frontal area per volume of a = nd, and a solid volume fraction φ = (π/4)ad.
Numerical experiments were carried out for 46 patch arrangements defined by eight different values of T /D between 1 and 8, and nine different values of L/D between 0 and 25. The specific combinations of T /D and L/D are shown in Fig. 2 . Each patch had a diameter D = 22 cm, and was composed of 45 rigid cylinders of diameter d = 1.2 cm in a staggered arrangement, producing a solid volume fraction of φ ≈ 10 % and a frontal area per volume a = 0.13 cm −1 . The numerical experiments were conducted with U 0 = 9.5 cm/s. To reduce the influence of the inlet, the upstream patch was placed 3 m (≈ 14D) downstream from the channel inlet. The computational flow domain chosen spans 45D (to 60D) in the streamwise direction and 20D in the spanwise direction. The blockage ratio, B, i.e., the ratio of the total obstructed width (2D) to the channel width (W = 25D) was 0.08. Since B<< 1, the impact of the channel walls was low: preliminary simulations showed that, for channel widths of 15D and 20D, the difference in the velocity for any point was less than 5 % (tested specifically for L/D = 0 and T /D = 1.5).
In order to provide a baseline for comparison, six simulations with a single patch were also performed. In these runs the center of the single patch was placed at the same position as the upstream patch within the pair. Specifically, single patch controls were located at x = 0.5D and y = 0.5D, 0.545D, 0.625D, 0.75D, 1D, and 1.5D, corresponding to the two-patch cases T /D = 1, 1.09, 1.25, 1.5, 2, and 3. Simulations were carried out using the commercial computational fluid dynamics (CFD) code FLUENT . This code uses the finite volume method for the spatial discretization of the domain. The governing equations are integrated over each control volume, such that mass and momentum are conserved, in a discrete sense, for each control volume. The simulations in this study were performed using the two-dimensional steady-state RANS (Reynolds Averaged Navier Stokes) equations with a k-ε model.
Considering a steady flow of an incompressible and homogeneous fluid, the Reynoldsaveraged equations for conservation of mass and momentum are given by:
where i or j = 1 or 2; x 1 and x 2 denote the streamwise (x) and cross-stream (y) directions respectively; u 1 and u 2 are the corresponding mean velocity components (i.e., u 1 = u and u 2 = v). u i u j is the Reynolds stress component, where u denotes the fluctuating part of the velocity; p is the pressure; and ρ is the fluid density. For the calculation of the Reynolds stresses, the assumption of Boussinesq's approximation is used
where μ t is the turbulent viscosity, δ ij the Kronecker delta and k is the turbulent kinetic energy per unit mass, given by
Along with the Boussinesq approximation, the following definition of the eddy viscosity is used
where c μ is an empirical constant and ε is the energy dissipation rate given by the following equation
where S is the length scale involved. The distributions of k and ε are calculated from the following transport equations
where G represents the generation of turbulence kinetic energy due to the mean velocity gradients
The standard values of the constants c μ = 0.09, c 1 = 1.44, c 2 = 1.92, σ k = 1.0 and σ ε = 1.3 are used in the present computations.
As already mentioned, two-dimensional simulations were used in this study as they are able to capture the flow features that are important for the present goal. Fluent, CFD numerical code used in this study, use the finite control-volume method for the spatial discretization of the domain. Hence, in the two-dimensional simulations the volume is the computational domain in the xy plane multiplied by a unit depth (in the z direction). Pressure-velocity coupling was achieved in some simulations using the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) and in other simulations a combination of the SIMPLE and coupled pressure-based algorithms. In most of the cases, the simulations converged only using the SIMPLE method. In a few cases we changed from SIMPLE to coupled algorithm to reach the convergence of the solution. A second order upwind scheme was used for spatial discretization of the flow equations. Details of the governing equations, turbulence model, and algorithms can be found in the FLUENT user's guide [19] .
The full domain and zoomed-in views of the numerical grid for L/D = 1 and T /D = 2 are shown in Fig. 3 . The grid had a finer spacing in regions of larger gradients (near the wall, the patch, and the wake) and coarser spacing in the regions of low velocity gradients. In addition, the grid was a block-structured grid composed of Cartesian H-grid blocks, which were uniform in the horizontal plane, and O-grid blocks, which were stretched towards the cylinders. The present meshing method has been previously applied with success for flows around cylinders (see, for example, Stoesser et al. [20] ). A grid independency test was performed to ensure the quality of our CFD simulations. Three progressively finer grids were employed: a coarser grid, with 799,600 elements; a medium grid, with 1,131,000 elements; and a fine grid, with 1,605,000 elements.
The cylinders in the patch were arranged in a square array. The array was drawn inside a circle with diameter of 22 cm that represents the boundary of the patch. The array has a square form divided into 49 (7 × 7) smaller squares each 3 cm × 3 cm. The small squares in the array were filled with the stems. The stems and small squares are all concentric. Finally the 45 stems were placed symmetrically in the array and for this reason there are no stems at the array corners (See Fig. 3c ). Boundary conditions were defined at the borders of the computation domain. A uniform flow was imposed at the inlet, with streamwise velocity u = U 0 and transverse velocity v = 0. At the outlet an average static reference pressure of 0 Pa was specified. The zeropressure outlet boundary condition has been widely used to calculate the flow around bluff bodies (see e.g. Tian et al. [21] ). A no-slip boundary condition was applied at the cylinder edges and the channel walls. Symmetry conditions were applied at the bottom and the surface of the channel.
The numerical model was validated using experimental measurements near a single patch in a laboratory channel [12] . The simulations represented a 10 m long and 1.2 m wide channel with imposed inflow velocity U 0 = 9.5 cm/s. A single circular patch of diameter D = 22 cm was placed 3 m downstream from the channel entrance. To simplify the computational mesh, the computational cylinders were arranged into a square array, rather than a circular array used by Zong and Nepf [12] . This simplification is justified by experiments carried out by Vandenbruwaene et al. [7] , who found that the flow field near square and circular arrays of the same diameter and stem density were very similar. The computational patch had 35 rigid cylinders (n = 0.1cylinders cm −2 ) of diameter 0.6 cm, producing a solid volume fraction of φ ≈ 0.03, which is the same used by Zong and Nepf [12] . The frontal area per volume was a = nd ≈ 0.06 cm −1 . Streamwise profiles of time-mean velocity along the centerline of the patch show that the maximum difference between numerical and experimental results was 6 % of the experimental measurement (Fig. 4) . Figure 4 reveals that all three grid predictions were similar. Due to the limitation of available computational time, the coarse mesh was selected. It is important to note, as observed from comparison between experimental and numerical results in Fig. 4 , that the most significant steady wake characteristics can be captured with a steady RANS simulation.
Regions of deposition are commonly associated with regions of diminished velocity [17, 22] . For example, the effect of velocity on deposition is illustrated by Hjulström's diagram [23] , which relates deposition to velocity and particle size. Sediment is deposited when the velocity falls below the minimum velocity required to keep the particle in motion, which we call the threshold velocity. The threshold velocity is a function of sediment size, with smaller values associated with smaller grains. We used the threshold velocity to define the regions within which enhanced deposition would occur in the wake of the individual patches and patch pairs. Recognizing that the threshold velocity will depend on sediment size, we considered two thresholds, u/U 0 < 0.7 and 0.5, representing coarser and finer material, respectively. Although we cannot connect these velocities to specific sediment sizes, they provide an exploratory test of how threshold velocity impacts the areal extent of enhanced deposition. In addition, the higher threshold (u/U 0 < 0.7) is correlated with the regions of enhanced net deposition observed in both Chen et al. [16] and Meire et al. [17] . low velocity directly behind the patch, consistent with previous studies [9, 16] . The velocity directly downstream of the patch was U e = 0.40U o .
There was no recirculation zone behind the patch (specifically, no region of negative velocity), which is in agreement with Chen et al. [16] , who note that there is no recirculation zone behind low-flow blockage patches (C D a D < 4).
The region of low velocity behind the patch separated two regions of enhanced velocity, creating a shear layer on either side of the wake. The region of diminished velocity was maintained over a distance L 1 measured from the back of the patch. The wake length, L 1 , was defined as the distance along the patch centerline from the end of the patch to the point where the velocity began to increase. The dimensionless wake length obtained for our simulations was L 1 /D ≈ 4.1.
Flow pattern around two patches
The presence of a neighboring patch changes the wake structure, relative to that observed for an isolated patch (discussed in 3.1). We used the wake length, L 1 , to explore the influence of a neighboring patch for different lateral (L) and transverse (T ) distances (Fig. 6) . The superscripts u and d indicate, respectively, the upstream patch (L u 1 ) and the downstream patch (L d 1 ). The value for an isolated, single patch will remain as L 1 . Three different patterns for L 1 were identified, depending on the patch spacing, L/D and T /D: (i) single patch behavior, in which each of the two patches produced a wake that was close to that produced by a single, isolated patch. This behavior was defined by the following limits: 0.
(ii) biased flow behavior, in which the lengths of the two wakes differed by more than 10 % (0 ≤ L u 1 /L d 1 ≤ 0.9); (iii) diminished wake behavior, in which the lengths of the two wakes are equal, but smaller than the length behind an isolated patch (0.
. These three flow patterns are now examined in more detail. , the values were all within the range observed for isolated patches, which suggests that there was no upstream interaction, i.e. the presence of a neighboring patch did not significantly alter the distance upstream at which flow begins to adjust to each patch.
For L/D = 0, the flow pattern was symmetric about y = 0 such that the near wake lengthscale (L 1 ) behind each patch was the same (Fig. 6a, b) , but in these two cases was smaller than that observed for an isolated patch (L 1 /D = 4.1), which we call diminished wake behavior. In addition, L 1 was a function of patch-spacing T . Specifically, L 1 /D = 3.40 at T /D = 1.09 and L 1 /D = 3.75 at T /D = 3.0, i.e. as the patch-spacing increased the wake length-scale approached that of an isolated patch, which makes physical sense. The parameter range (T /D) on which diminished wake behavior occurs is discussed in more detail below.
The result that L 1 was shortened in a side-by-side configuration (L/D = 0) differed from Meire et al. [17] , who observed that L 1 for a pair of side-by-side patches was not significantly altered from that of an isolated patch. This difference may be explained by the resolution of the Meire measurements. In the Meire study the longitudinal distance between measurement points was 0.55D, a distance that roughly encompasses the variation observed in this study (3.4D to 4.1D). Finally, for L/D = 0 flow acceleration between the patches was always present, even for T /D = 1, which is consistent with both Meire et al. [17] and Vandenbruwaene et al. [11] . [17] . For example, the wake merger position (M) is visible within the frame for T /D = 1.09 (Fig. 6b) , but occurs beyond the end of the frame for T /D = 3 (Fig. 6a) . The merger position (M) and associated centerline velocity minimum have been shown experimentally to promote a local region of enhanced deposition on the centerline between the two patches.
Flow pattern around two staggered patches, L/D > 0 Figure 6c, d illustrate two staggered configurations (L/D > 0)
. When the neighboring patches were staggered, the flow through the gap between the patches was deflected laterally toward the upstream patch, and this cut off the wake development of the upstream patch. As a result, the wake length of the upstream patch (L u 1 ) was smaller than that for an isolated patch (L 1 ). The wake behind the downstream patch was essentially the same as an isolated patch (within 10 %). As L/D increased, the deflection of gap flow decreased, and the upstream wake lengthened (L u 1 increased), until at L/D = 6, the upstream and downstream values for L 1 were equal within 10 %. This suggests that a downstream patch that occurs within 6D of an upstream neighbor can produce a negative feedback for the upstream patch by diminishing the length of the near wake, from which we infer the length-scale of enhanced deposition and potential growth will also be diminished. Fig. 8 . These values were used to define the classes of wake behavior, as discussed in the previous paragraphs. In particular, the biased flow (B) and single patch (S) behavior is noted in Fig. 8 
Implied deposition pattern
This section explores the possible influence of the velocity field on deposition patterns by delineating regions of potential net deposition based on two velocity thresholds, u/U 0 < 0.5 and 0.7. The potential deposition area was defined as the area within which the local velocity was below the chosen threshold. The deposition area for a single patch, A 1 , for u/U 0 < 0.5 and 0.7, was 9.9D 2 and 22.7D 2 , respectively, and was not a function of patch position (Fig. 9) . These areas will be used as the reference values as we explore the interaction of two patches.
For pairs of patches, the deposition area behind the upstream and downstream patch was denoted A u and A d , respectively, and the sum was defined as A 2 = A u + A d . Different deposition patterns were identified from the simulations, corresponding to the different flow patterns identified above. First, for single patch flow behavior, both patches have the same (within a 10 % margin) deposition area as an isolated patch. That is, 0.9 ≤ A u /A 1 ≤ The total deposition area with two patches, A 2 , is compared to that expected for two isolated patches (2 A 1 ). When A 2 /2 A 1 > 1, the neighboring patches provide a positive feedback to growth by creating a larger footprint of deposition than occurs for two isolated patches. When A 2 /2 A 1 < 1, the neighboring patches provide a negative feedback by diminishing the footprint of deposition, compared to two isolated patches 1.1; 0.9 ≤ A d /A 1 ≤ 1.1. This deposition pattern occurred when the two patches were far apart, so that no interaction between the two patches occurred, resulting in a single deposition zone behind each patch with an area the same as an isolated patch (A 2 /2 A 1 ≈ 1). In this case, the presence of a neighboring patch produced no feedback.
Second, when the two patches were located side-by-side (L/D = 0), the deposition area behind each patch was equal (within 10 %). Two types of deposition pattern were observed: with a secondary deposition zone (Figs. 10b, 11b ) and without a secondary deposition zone (Figs. 10a, 11a) . In both cases the total deposition area with two patches (A 2 ) was different from that of two isolated patches (A 2 /2 A 1 = 1). When there was no secondary deposition zone (Figs. 10a and 11a) , the deposition area of the two patches were equal, but less than the area behind a single patch, so that A 2 /2 A 1 < 1. Neighboring patches in this configuration produced a negative feedback, because a neighboring patch diminished the overall deposition, compared to two isolated patches. When a secondary deposition zone was present, the total 
Each subplot indicates the single-patch deposition area with an open contour. The total deposition area with two patches, A 2 , is compared to that expected for two isolated patches (2 A 1 ). When A 2 /2 A 1 > 1, the neighboring patches provide a positive feedback to growth by creating a larger footprint of deposition than occurs for two isolated patches. When A 2 /2 A 1 < 1, the neighboring patches provide a negative feedback by diminishing the footprint of deposition, compared to two isolated patches deposition area of the two patches was greater than two individual patches (A 2 /2 A 1 > 1, Figs. 10b and 11b) . Neighboring patches in this configuration provided a positive feedback, because the neighboring patch enhanced the overall deposition and potential for new growth. The leading edge of the secondary deposition zone moved closer to the patches as T decreased, consistent with the experimental deposition patterns obtained by Meire et al. [17] . As suggested by Meire et al. [17] , if the zones of secondary deposition promote growth, the new vegetation on the centerline could block flow on the centerline, eventually leading to a merger of the original patches into a larger vegetated structure.
Third, for cases with biased flow behavior, two deposition patterns were observed: with a secondary deposition zone (Fig. 11c) and without a secondary deposition zone (Figs. 10c, d,  11d ). In the later case (Fig. 11d) , the deposition zone behind the upstream patch was smaller than that behind an isolated patch (A u < A 1 ), so that the downstream neighbor provided a negative feedback to growth for the upstream patch. In contrast, there was an increase in deposition area behind the downstream patch compared to a single patch (A d > A 1 ) , i.e. an upstream neighbor enhanced (positive feedback) the growth potential of the downstream patch. Figure 12 summarizes the tendencies for positive (light grey) and negative (black) feedbacks associated with different patch-to-patch spacing for both velocity thresholds. We first consider the u/U 0 < 0.5 threshold (top subplot). For the side-by-side configurations (L = 0), unless the patches were nearly touching (T /D < 1.5), neighboring patches produced a negative feedback (A 2 /2 A 1 , < 0.9). The negative feedback was observed for lateral spacing as large as T /D = 8, but for larger spacing we expect the deposition to return to single-patch behavior produced by two isolated patches (A 2 /2 A 1 = 1.0 ± 0.1, medium grey region in Fig. 12a ). When we considered a higher threshold velocity (u/U 0 < 0.7, Fig. 12b ), both the positive and negative patch interactions became stronger, i.e. positive and negative feedbacks both occurred over a larger L − T parameter space. The expansion of the positive feedback region occurred because with a higher threshold velocity weaker patch interactions are needed to depress the velocity below this threshold, and these weaker interactions can occur at larger patch spacing. The enlargement of the negative feedback parameter space is related to the fact that the deposition area of an isolate patch (A 1 ) increases (due to a higher threshold velocity), shifting the ratio A 2 /2 A 1 . Recognizing that a smaller threshold velocity is associated with smaller grain size, the comparison between Fig. 12a, b suggests that patch-interaction has a weaker impact on finer suspended loads.
To further illustrate the different feedbacks observed for the upstream and downstream patches, Fig. 13 shows the dependence on L/D and T /D of the nondimensional upstream deposition area, A u /A 1 , and the nondimensional downstream deposition area, A d /A 1 , for the u/U 0 < 0.5 threshold. We can only discuss the lower threshold velocity, because for u/U 0 < 0.7, the secondary deposition zones often merged with the primary deposition zones, making it impossible to define A u and A d separately for all T /D and L/D arrangements. We particularly focus on the feedbacks for staggered patch configurations (L/D ≥ 1). Due to the biased flow described in Sect. 3.4, the deposition zone of the upstream patch was always diminished, relative to an isolated patch, with the greatest reduction (A u /A 1 = 0.24) occurring at L/D = 1, T /D = 1 (Fig. 13a) . For patches with lateral spacing less than 1.3D, the enhanced deposition area occurred for all longitudinal spacing considered. Notably, the positive feedback for the downstream patch extended over larger patch spacing than the negative feedback on the upstream patch. For patches with lateral spacing greater than 1.5D, the feedback was eliminated at longitudinal spacing around L/D = 8, similar to the limit of influence on the upstream patch.
Implications for large-scale landscape evolution
This numerical study of two-patch interactions can provide some insight into large-scale landscape evolution. We specifically compared two scenarios, one for which the initial patch spacing was large enough to produce no patch-to-patch feedback, and one for which the initial patch-to-patch spacing was small enough to produced strong feedbacks. The initial state for the first scenario is shown in Fig. 14a . The longitudinal and transverse spacing between the patches was sufficient (T /D > 8, L/D > 8) to initially produce, a deposition zone similar to an isolated patch behind each individual patch (Fig. 14b) . If the patches grew into these deposition regions, the individual patches lengthen, but do not widen. Meanwhile, due to flow diversion away from the patches, the flow between the patches is elevated, which inhibits patch expansion and maintains these bare regions (e.g. see discussion of the influence of bare regions in [17] ). We conjecture that the patches will continue to grow only in the streamwise direction, eventually forming a landscape dominated by flowparallel regions of vegetation and channel (Fig. 14c) . This configuration is likely to be stable, because the high velocities in the bare adjacent areas inhibit expansion of vegetation into these zones. Thus, we conjecture that the vegetation will evolve to a state characterized by relatively stable channels and well-defined vegetated regions (with a width of the order of D) (see Fig. 14c ). The end pattern of this scenario is similar to observations from the field and previous numerical simulations. For Fig. 3 in [24] ). Through process-based numerical modeling, Larsen and Harvey [6] have also reproduced a landscape with parallel preferential flow channels (see the category "Parallel Preferential Flow Channels" in [6] , Fig.  1 ). Figure 14d presents an actual landscape from the Florida Everglades (26 • 09'45.6"N 80 • 40'21.9"W), obtained from Google Maps, which closely resembles the final state proposed in Fig. 14c .
In the second scenario (Fig. 14e) , the patches were initially placed close enough that patchto-patch feedbacks would occur, specifically the initial patch spacing fell in the parameter space (L , T ) for biased flow (Fig. 11) and negative feedbacks to the upstream patch (Fig. 13a) . We assumed that the deposition behind each patch would depend only on the position of its nearest neighbor vegetation patch. For example, if patch A was located at x = 0 and y = 0 and the nearest downstream vegetation patch B was x = 6D and y = 1.5D, then the deposition area behind patch A was assumed to follow that observed numerically for a pair of patches separated by L/D = 6 and T /D = 1.5, e.g. as shown in Fig. 11d . Letting the vegetation patches in Fig. 14e grow into their respective deposition areas yields the new landscape shown in Fig. 14f . The accelerated flow between the patches may limit further patch growth, so that the landscape evolves to a mosaic of small patches of different patch length, but generally elongated parallel to the flow. A distribution of patch sizes aligned preferentially to the flow (as shown in Fig. 14f ) is consistent with observations of freshwater macrophyte distributions in a lowland river in Belgium [25] and in Scotland [26] . Larsen and Harvey [6] produced a similar landscape pattern within their landscape evolution model (see the category "Small Elongated Islands" in [6] , Fig. 1) . Finally, Fig. 14g presents an actual landscape from Florida Everglades (26 • 01'35.2"N 80 • 50'19.1"W), obtained from Google Maps, which closely resemble our second scenario.
The two scenarios considered here highlight the potential role of initial patch spacing on landscape patterns. If pioneer vegetation is sparsely distributed (patch spacing larger than 10D), the feedback to deposition and additional plant growth may tend toward a channeled landscape (Fig. 14d) . If the pioneer vegetation is densely distributed (patch spacing less than 6D, based on Fig. 13 ), patch interaction tends to shorten the deposition zones, limiting patch expansion, resulting in a mosaic of patch sizes generally elongated in the streamwise direction (Fig. 14f) .
Conclusions
This study examined the flow field and inferred deposition patterns around two nearby circular patches of vegetation using CFD. The following trends were observed for the threshold velocity u/U o < 0.5. When the two patches were far from each other (L/D > 8, T /D > 8), wake interaction was weak and flow and deposition patterns around each patch resembled those of a single, isolated patch. When the two patches were close enough (L/D < 8, T /D < 8), both positive and negative feedbacks to wake scale and inferred deposition area were observed. For side-by-side patches (L/D = 0), the total deposition area was enhanced (positive feedback) for small gaps (L/D < 1.5) but diminished (negative feedback) for large gaps (T /D > 1.5, based on Fig. 12a ). For staggered patches (L/D ≥ 1), the flow between the patches deflected laterally toward the upstream patch, which shortened the upstream patch wake and diminished its deposition area, relative to an isolated patch (negative feedback). The downstream patch in a staggered pair exhibited a positive feedback, with the wake length and deposition area both enhanced, relative to an isolated patch. The interaction between staggered patches may explain the landscape consisting of a distribution of small patch sizes generally aligned with the flow (Fig. 14g) which is often observed in rivers.
